The oxidation of cysteine sulphydryl in proteins produces sulphenic acid that can form a reversible disulphide bond with another cysteine. The disulphide bond formation often triggers switches in protein structure and activity, especially when the distance between the two cysteine sulphur atoms is longer than the resulting disulphide bond distance. As an early example for the reversible disulphide bond-mediated functional switches, the reduced and oxidized forms of the bacterial transcription factor OxyR were characterized by X-ray crystallography. Recently, the Drosophila vision signalling protein, the association of inactivation-no-afterpotential D (INAD) was analysed by structural and functional methods. The two conserved cysteines of INAD were found to cycle between reduced and oxidized states during the light signal processing in Drosophila eyes, which was achieved by conformation dependent modulation of the disulphide bond redox potential. The production of the hypertension control peptide angiotensins was also shown to be controlled by the reversible disulphide bond in the precursor protein angiotensinogen. The crystal structure of the complex of angiotensiongen with its processing enzyme renin elucidated the role of the disulphide bond in stabilizing the precursorenzyme complex facilitating the production of angiotensins. The increasing importance of the disulphide bond-mediated redox switches in normal and diseased states has implications in the development of novel antioxidant-based therapeutic approaches.
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Cells have evolved to develop a delicate network of regulatory pathways to deal with oxidative stresses that can potentially damage cellular materials (1) . The cellular responses to oxidative conditions involve proteins such as transcription factors, signalling proteins, membrane channels and enzymes (25) . Many of these redox-controlled proteins have cysteines that can be reversibly oxidized and the resulting modification of cysteines lead to activation or inhibition of the corresponding proteins' cellular function (69) . The oxidized cysteine often forms reversible disulphide bond with another cysteine (7, 8, 10) .
The sulphydryl group of cysteine has a unique reactivity towards oxidizing agents (11) . The reactive oxygen species (ROS) modification of cysteine sulphydryl generates sulphenic, sulphinic or sulphonic acids (12) , whereas the reactive nitrogen species (RNS) modification generates S-nitrosothiol (13, 14) (Fig. 1) . The redox active cysteine can be also glutathionylated (15) (Fig. 1) . The sulphenic acid proceeds to the formation of disulphide bond either with a neighbouring cysteine in the corresponding protein or other cellular sulphydryls. Further oxidation of sulphenic acid to sulphinic or sulphonic acids cannot be reversed even in the presence of enough reductants. In a special case, the sulphinic acid formation in the peroxiredoxin active site can be reversed by an enzyme sulphiredoxin (16, 17) .
The oxidation-mediated disulphide bond formation within a protein was shown to induce structural switches (8) . Although the extent of structural transition by a disulphide bond formation within a protein is dependent on the distance between two sulphur atoms, the structural transition often accompanies functional switches in proteins of transcription, signal transduction and heat shock responses. The disulphide bond-mediated structural switches can be more profound than those originated from phosphorylation. Phosphorylation of tyrosine or serine/throenine residues can trigger structural changes because the newly introduced phosphate group provides differences in charge and size of the corresponding amino acid side chain (18) . In comparison, the disulphide bond switches provide a covalent modification between distant cysteines, which can bring distantly located cysteines into constrained positions, leading to a large conformational and functional switch in the protein.
Recently, structures of several disulphide bond switches were resolved by X-ray crystallography, which provided structural information on the diversity and significance of the disulphide bond-mediated redox switches. In this review, we focus on the redox switches in the Drosophila visual scaffold protein inactivation-no-afterpotential D (INAD) (19, 20) , the blood pressure controlling protein precursor angiotensinogen (21) and a couple of enzymes (22, 23) . Before the description of recent findings, we also briefly mention the OxyR redox switch (24, 25) as an archetypal example of the disulphide bond-mediated redox switch. The discoveries described in this review indicate that there are common themes of the disulphide-mediated redox switches such as the structural transition-mediated functional switch, the conformation strain-driven switch mechanism and the transition time of millisecond range.
Reversible Disulphide Bond in the OxyR Transcription Factor
The Escherichia coli transcription factor OxyR, which is a member of the LysR family of bacterial transcription factors, is regulated by ROS modification (26) . The activation of OxyR by ROS modification induces transcription of genes necessary for the defense of bacteria against harmful effects of ROS (10, 26) . The activation of OxyR involves a reversible disulphide bond formation between the conserved cysteines 199 and 208 starting from the oxidation of Cys199 to sulphenic acid (10) . Biochemical studies including gel filtration, sedimentation and crosslinking experiments indicated that OxyR formed a tetramer in solution which appeared as a dimer of dimers (27) . The DNase I footprinting studies revealed that the interactions between DNA and the OxyR tetramer were significantly different depending on whether OxyR was in reduced or oxidized state (27) . The reduced and oxidized forms of OxyR exhibited different DNA sequence specificities.
The structure determination of OxyR in reduced form revealed that the two conserved cysteines 199 and 208 were distantly located with the inter-sulphur atom distance of $17 Å (24). In the oxidized structure, the disulphide bond formation between the distant cysteines triggered a large conformational switch involving secondary structure rearrangements. The structural transition encompassed almost one entire face of the domain II of the OxyR regulatory domain.
In the reduced structure, the sulphydryl group of Cys199 pointed inwards the molecule occupying a mostly hydrophobic pocket formed by the interdomain residues Ile98, Val101 and Ala147 (Fig. 2) . Thus, the oxidation of Cys199 to sulphenic acid (Cys-OH) would destabilize the pocket geometry and induce the loop flipping out. The atoms on the 205210 loop containing Cys208 had high thermal motion factors (B-factors) in the reduced structure, indicating that the region was flexible in the reduced state. The flexibility of the loop containing Cys208 facilitated the disulphide bond formation with the flipped-out Cys199 by increasing the chance of meeting between the two cysteines (Fig. 2) . Upon disulphide bond formation of the two conserved cysteines, the short helix (aC) formed by residues 199203 in the reduced structure disappeared. The extended strand (b8) of residues 219222 became a helix-like structure. The flexible loop of residues 212217 became a new b-strand (b8 0 ). The oxidation-mediated structural switch affected dimeric interface of OxyR, resulting in a relative rotation of monomers by $30 compared to the monomers of the reduced-form dimer (24) . The inter-monomer rotation in the dimer changed also the inter-dimer orientation in the tetramer and eventually the DNA interaction, which led to the induction of target genes. Mutations of the residues including I110D, H114Y, L124D and A233V which were supposed to disrupt the reduced-form dimeric interface, diminished DNA binding as assayed by the OxyR promoter repression (28) . A homology model of full-length OxyR also indicated the domain rotation of OxyR and its role in DNA binding (29) .
Kinetics of the OxyR Redox Switch
Although the crystal structures of reduced and oxidized OxyR explained structural mechanisms of the oxidation-mediated disulphide bond formation and subsequent functional transition (24) still remained. Those included the roles of the disulphide bond and its intermediates during oxidation of OxyR, and the forces driving the large structural switch. The extensive biochemical analyses including mass spectrometry, UV/Vis and fluorescence spectroscopy and stopped-flow kinetic analyses were carried out to answer the questions (25) . OxyR has six cysteines in the wild-type full-length state, complicating the analysis of the disulphide bond formation partners. For example, previous biochemical (10) and crystallographic studies (24) used the cysteine to alanine mutations (OxyR-4CA) in positions other than the disulphide bond-implicated Cys199 and Cys208. To resolve this complication, Lee et al. (25) used the wild-type OxyR with all six cysteine residues to show the specific disulphide bond between Cys199 and Cys208.
In addition, the conformation switch during the OxyR oxidation was analysed by the stopped-flow experiment using the large decrease in quantum yield of tryptophan fluorescence from Trp175 that is located near the loop containing Cys208 (25) (Fig. 2) . The analysis indicated that the rate constant of the disulphide bond-mediated conformational switch was $9.7 s
À1
. The rate is similar to that of ATP-induced allosteric transition in eukaryotic chaperonin CCT (10 and 17 s À1 for two phases) (30) . The value is also in the range of folding rate constants of some small proteins (31) .
The driving force for the reduced to oxidized forms seems to be the flipping-out of the oxidized Cys199 from the hydrophobic inter-domain pocket and the flexibility of the loop containing Cys208 (24) . However, the reverse reaction was not well understood. The analysis of conformational stability of both forms gave a clue to the mechanism of the reverse switch from the oxidized to reduced forms (25) . Although the unfolding studies employing circular dichroism did not show differences between the reduced and oxidized OxyRs, the fluorescence spectroscopy by using the Trp175 fluorescence revealed that the oxidized state is destabilized by À3 kcal/mol compared to the reduced state OxyR. Thus, the local destabilization in the oxidized form appeared to mediate the reverse conformation switch once the disulphide bond was reduced. The strain-mediated structural switch is reminiscent of the conformational switch in serine protease inhibitors and the membrane fusion protein of influenza virus, where the strain loaded in the native form drives conformational transition (32, 33) .
Distinct redox agents appeared to generate different outputs in OxyR while modifying the same Cys199 (34). The modification with H 2 O 2 , GSSG and GSNO/S-nitrosocysteine formed sulphenic acid, a mixed disulphide bond and SNO, respectively. The helical content of OxyR varied between 52 and 78% depending on modification and the DNA binding affinity also exhibited significant differences. Although the different modifications may lead to different regulations of OxyR, the importance of disulphide bond-mediated structural switch seemed to be central in the regulation of OxyR because the mutation of Cys208, which was the partner of disulphide bond with Cys199, led to a significant decrease in the activity of OxyR (10) . In addition, the oxidation of Cys199 by different oxidants also could eventually proceed to the formation of disulphide bond with Cys208 (25).
The Conformation-Coupled Redox Switch in the INAD Scaffold
Eukaryotic scaffold proteins play a pivotal role in cellular signal transduction by associating different proteins of the corresponding signalling pathways In the reduced form, the residues 195204 were shown in red and side chains of two redox active cysteines 199 (located in the molecular centre) and 208 (located in the bottom of the molecule) were shown in magenta (sulphur atom) and yellow (C-beta carbon atom). The Trp175 generates fluorescence. When the primary redox active cysteine 199 was oxidized, the sulphenic acid (Cys199-SOH) was formed and ejected from the original hydrophobic pocket that could not fit the sulphenic acid. The Cys199-SOH ejection rendered the region flexible, and chance of meeting Cys 208 in another flexible loop was increased (B). When the Cys199 sulphenic acid met the Cys208 sulphydryl, disulphide bond was formed and secondary structural rearrangements occurred. In the intermediate and oxidized forms, the residues 195204 region was shown in orange. The reduced and oxidized form structures were drawn from pdb codes 1I69 and 1I6A, respectively. The intermediate structure was modeled based on the reduced-form structure (pdb code: 1I69).
Disulphide Bond-Mediated Redox Switches (3537). Concentration of signalling proteins by the association facilitates the signalling process by minimizing unwanted interactions with other proteins abundant in the cells. INAD is a Drosophila scaffold protein that assembles several components of visual signal transduction into a macromolecular complex in Drosophila photoreceptor neurons (3841). When the absorption of a photon of light occurs by rhodopsin a G-protein coupled receptor, the signal is conveyed to the sequential activation of a Gq isoform of heterotrimeric G protein and a phospholipase C (PLC-b) leading to the opening of transient receptor potential (TRP) channels in the microvilli membranes of the photoreceptor neurons. The TRP channelmediated Ca 2þ influx triggers both positive and negative feedback regulation of the Drosophila light signal transduction (42, 43) . The negative feedback is achieved by the eye specific protein kinase C (eye-PKC) (43, 44) . The scaffold protein INAD assembles the PLC-b, the TRP channel and eye-PKC through INAD's PDZ domains ensuring the high efficiency and speed of visual signalling (4548).
The PDZ domain, which comprises 90100 amino acid residues with a six-stranded b-sheet and two flanking a-helices, binds a ligand by using its surface groove formed by strand b2 and helix a2 (49, 50). The crystal structure of the fifth PDZ domain (PDZ5, residues 580665) of INAD revealed a disulphide bond between two conserved cysteines 606 and 645 (19) . Although the overall structure of INAD PDZ5 was similar to other PDZ domains, a detailed comparison revealed significant deviations from the canonical PDZ structure, especially in the ligand binding site.
In the structure of INAD PDZ5 (19), the a1-helix was rotated $70 relative to the corresponding helix in the canonical PDZ and most of the a2-helix is unwound. These structural changes significantly distorted the conformation of residues in helix a2 highly implicated in the ligand binding. The disulphide bond between Cys606 and Cys645 connected the b3-strand and the a2-helix, indicating that the disulphide bond formation was the cause of structural distortions in the ligand binding site. Measurement of the disulphide bond redox potential yielded a standard redox potential of À425 mV (19) . Thus, in the cytosolic redox environment of cells with a redox potential of À230 to À300 mV (5154), the PDZ5 cysteines were likely in the oxidized state. The reduced-form structure of PDZ5 (19) , where the two cysteines were reduced by 10 mM DTT, exhibited the canonical PDZ domain structure. The inter-atomic distance between the two cysteine sulphur atoms was $3.8 Å in the reduced structure, which was significantly longer than that of the oxidized structure with $2.0 Å .
The PDZ5 disulphide bond formation in vivo was confirmed by the thiol-disulphide interconversion monitoring technique (55) (42) . Although both the wild-type and inaD C645S photoreceptors exhibited normal quantum bumps, severe defects in the light response shutoff appeared in the inaD C645S mutant flies. Thus, the oxidized form of INAD represented the off state of the light signalling and the dynamic cycling between the reduced and oxidized forms of INAD was essential for fast responses to the changing environment of light. Upon the transient darkening ($20 ms) experiment mimicking an approaching predator, the wild-type flies jumped to escape $70% of the time, whereas the inaD C645S mutant flies did only $10% (19) . The behavioural defect was due to the mutant flies' disability to sense rapid decreases in light intensity, indicating that the reversible disulphide bond formation was essential in termination of light signal.
After the first structures of oxidized and reduced INAD proteins were published (19), further structural and functional studies were preformed to understand the detailed mechanism of the INAD redox switch (20) . One of the major issues to address was as to how the light-dependent disulphide bond formation/ breakage was achieved because it was expected that, in vivo, the redox potential of the environment surrounding the INAD-signalling complex would not fluctuate in large amplitude during the short timescale (about milliseconds) of the light signal transmission.
Despite the expectation of fast and reversible transition of disulphide bond between reduced and oxidized forms during the fly visual signalling, the isolated PDZ5 could not spontaneously cycle between the two forms. The redox potential of the Cys606Cys645 disulphide bond of PDZ5 was lower than the redox potentials of cytosols in normal conditions (19, 5154) . Thus, the two cysteines of PDZ5 are oxidized in cells and cannot cycle between reduced and oxidized forms in its isolated state.
In search of factors that enabled the disulphide bond reversibility, the interaction between PDZ domains 4 and 5 was found to play a critical role (20) . The crystal structure determination of a INAD construct containing both PDZ4 and PDZ5 domains (PDZ45) revealed tight inter-domain interactions (20) (Fig. 3) . The C-terminal residues of PDZ5 were extended from the body of the PDZ5 domain and bound to a groove on the PDZ4 domain, whose interactions further tightened the PDZ45 supramolecule (Fig. 3) . In the structure of PDZ45 supramolecule, the PDZ5 domain exhibited the reduced cysteines 606 and 645, indicating that the tight domain interactions between PDZ4 and PDZ5 locked PDZ5 in its reduced state. Thus, the sulphydryls of Cys606 and Cys645 seemed to cycle between the reduced and oxidized states depending on the formation or uncoupling of the supramolecule between PDZ4 and PDZ5 domains.
Then, what triggers the uncoupling of PDZ4 and PDZ5 leading to the disulphide bond formation of PDZ5? Recently, it was found that a rapid and light-induced acidification occurred in fly microvilli due to protons released by PLCb-mediated hydrolysis of PIP 2 (56) . The PDZ4 and PDZ5 domain interactions were shown to be uncoupled by the proton signal generated by hydrolysis of PIP2 by PLCb in response to light via the RhodopsinGaPLCb pathway (20) . The proton signal appeared to protonate His547 of PDZ4 and disrupted its hydrogen-bond interaction with the C-terminal residue Thr669 of PDZ5, leading to the dissociation of the C-terminal loop of PDZ5 from the groove of PDZ4 and the uncoupling of the PDZ4 and PDZ5 domains.
The signal-dependent disulphide bond formation released the ligand (a part of the target protein) from PDZ5 whose ligand binding site had the optimal geometry for ligand binding only when the cysteines were reduced (Fig. 3) . The conformation-coupled redox potential modulation seen in the INAD PDZ45 exhibits a novel example of active regulation of protein redox potential. Usually, proteins with redox machinery respond to environmental redox potential fluctuation or ROS signal (4, 57) . In comparison, the INAD PDZ45 changes its redox potential depending on the conformational status of domain interface, achieving the disulphide-mediated switch under almost constant cytosolic redox environment.
Modulation of Angiotensin Release in the Cardiovascular System
The vasopressor peptides angiotensins (58) are released by the enzymatic digestion of a serpin family protein angiotensinogen at its N-terminus (59, 60) . The proteolytic enzyme renin cleaves the peptide bond between the 10th and 11th amino acids of angiotensinogen to release the decapeptide angiotensin I that is further processed by the angiotensin converting enzyme (ACE) to produce the octapetide angiotensin II comprising the residues 18 of angiotensinogen (58, 61) .
A variety of studies for hypertension and its therapy were focused on ACE (6264). In comparison, the release of angiotensins was regarded as a passive process by the enzyme action of renin. However, recent findings indicated that the enzyme digestion site was inaccessible in normal condition and became accessible only with the conformational rearrangements mediated by a conserved disulphide bond between cysteines 18 and 138 (21, 65, 66) . The reversible disulphide bond of angiotensinogen in the N-terminal region was found to be important in the angiotensinogen's interaction with renin (21, 67) .
The crystal structure of the angiotensinogenrenin complex revealed that the complex formation preferred the oxidized form of angiotensinogen (21) . In the structure, the N-terminal extention of angiotensinogen was detached from the body of the molecule and the cleavage site of angiotensinogen was located on the active site of renin (Fig. 4) . The disulphide bond between Cys18 and Cys138 held the extension, providing conformational stability to the N-terminal extension residues. Otherwise the extension would be totally away from the molecular body and the correct interaction with renin may not be probable (Fig. 4) .
The Cys18Cys138 disulphide bond of angiotensinogen was labile and the redox potential of the disulphide bond was measured to be À230 mV (21) . The oxidized form represented more constrained structure with a higher thermal stability of 62.6 C than the reduced form with a lower melting point of 57
C. In the plasma, the oxidized form of angiotensinogen was present in a ratio of 60:40 with the reduced form. The oxidized to reduced-form ratio was found to be highly preserved independent of gender or age (21) . Despite the stable ratio in plasma, the ratio may change in focal tissues or vascular beds, leading to the reversible In the dark state, the PDZ5 domain was associated with the PDZ4 domain (green) and the sulphydryls of the redox active cysteines 606 and 645 (sulphydryl in magenta) are in the reduced state (A, pdb code: 3R0H). The redox potential of cysteines in the associated state was high, and the two cysteines were stable in its reduced states. When the light signal was sensed, the proton was generated by an upstream process and triggered dissociation of the PDZ domains (B, a model based on pdb 3R0H). When the PDZ5 domain was dissociated, the redox potential of the two cysteines decreased significantly enough to form a disulphide bond in normal cytosolic redox environment [C, a model based on pdb 3R0H (PDZ4) and pdb 2QKT (oxidized PDZ5)]. The disulphide bond formation changed the structure of ligand binding pocket and the ligand (gold in A and B, a part of the target protein) was released to transmit the light signal. In B and C, the hypothetical connection between the two PDZ domains in the dissociated states is indicated as dashed lines. switch between the oxidized and reduced forms. Thus, the redox environment of tissues would determine the rate and amount of angiotensin release, leading to the control of blood pressure.
The association of oxidative stress with the onset of episodic hypertension was observed previously (68, 69) . The oxidative stress-dependent conversion of angiotensiongen to the oxidized form leading to the production of angiotensins may explain the observation. Another example includes the oxidative stress due to the placental dysfunction (70, 71) . The affected individuals develop hypertension and pre-eclampsia, a leading cause of perinatal and maternal mortality and morbidity (7274). The comparison of plasma samples of pregnant women with pre-eclampsia to the normal controls revealed that the diseased samples had decreased proportion of the reduced to oxidized angiotensinogen, indicating that the redox switch of angiotensinogen contributed to the hypertension and pre-eclampsia (21) and the antioxidant therapy could be effective in treatment of pre-eclampsia (75) .
Redox Switches in Phosphatases and Kinases
Mitogen-activated protein kinase phosphatases (MKPs) are usually inactivated under oxidative stress, exerting positive control for the mitogen-activated protein kinase (MAPK) signalling by decreasing the dephosphorylation of activated MAPK (7680). Other phosphatases such as PTP1B and PTEN sharing the similar active site structure with MKPs also are negatively regulated by oxidative conditions (9) . In comparison to conventional MKPs and other phosphatases, the stress inducible MAPK phosphatase of yeast, Sdp1 acquires enhanced catalytic activity under oxidative conditions (22) .
In response to oxidative stress, Sdp1 dephosphorylated activated Slt2 that was an essential protein in yeast's adaptation and survival over oxidative stress (22) . Sdp1 also dephosphorylated the mammalian ERK2 MAPK that was a close relative of Slt2 (81, 82) . Optimal activity of Sdp1 was found to require a disulphide bond formation near the active site that was needed for selectively recognizing a tyrosine-phosphorylated MAPK substrate (22) .
When the catalytic core domain (residues 56197) of Sdp1 was expressed and analysed, there was no enzyme activity towards phosphor-ERK2, indicating that the N-terminal residues were crucial in the catalytic activity of Sdp1 (22) . This is reminiscent of the N-terminal MAP kinase binding (MKB) domain (78) . The MKB domain binds to the corresponding substrate kinases to provide specificity for the MKPs in the signal transduction (83) . In comparison, the N-terminal sequences of Sdp1 supported the Sdp1 catalytic activity by using a cysteine residue (Cys 47) in the N-terminal sequences.
An in vivo analysis found that Cys47 formed disulphide bond with another conserved cysteine 142 under the oxidative stress. The physiological relevance was confirmed by analysing the in vivo redox state of The reversible disulphide bond of angiotensinogen between cysteines 18 and 138 (magenta) controls the production of angiotensin I that is the renin-cleaved N-terminal decapeptide (green). The oxidized angiotensinogen structure is drawn from pdb code 2WXW. ACE further processes the decapeptide yielding the octapeptide angiotensin II. The renin cleavage site is indicated as a red ball. The disulphide bond in oxidized angiotensinogen maintains the stability of N-terminal regions (green and blue) so that the cleavage site can fit into the active site of renin as shown in the oxidized angiotensinogenrenin complex (pdb code: 2X0B). In the modeled structure of reduced angiotensinogen where the disulphide bond was cleaved, and the N-terminal region was displaced in the y-direction from the original oxidized complex structure (pdb code: 2X0B), the N-terminal region is not maintained in an appropriate conformation for binding to the renin active site. Structurally unresolved regions are shown as dashed lines (magenta and blue).
Sdp1 (22) . When yeast cells were exposed to H 2 O 2 , the oxidized form of Sdp1 was detected in gels, whereas it was not with untreated cells. The crystal structure of Sdp1 (22) revealed that a disulphide bond between Cys47 and Cys142 was located near the catalytically active Cys 140, indicating that the disulphide bond formation was likely to affect substrate binding and enzyme activity.
Adenosine-5 0 -phosphosulphate (APS), APS reductase (APSR) and APS kinase (APSK) are essential components in the sulphur assimilation of Arabidopsis that converts the predominant form of environmental sulphur, inorganic sulphate (SO 4 2À ) to physiologically useful forms such as sulphite, sulphide and cysteine (84, 85) . APSK is also essential for reproductive viability of Arabidopsis (8690). In the crystal structure of Arabidopsis thaliana APSK (At-APSK), two conserved cysteines 86 and 119 formed an intersubunit disulphide bond in the dimeric structure (23) .
The N-terminal region (residues 8098) of one At-APSK monomer including Cys86 protruded from the main fold of the monomer and overlapped the other At-APSK monomer (23) . The extended N-terminal region formed extensive interactions with the other monomer, and the intersubunit disulphide bond with Cys119 of the other domain stabilized the interactions. The location of the disulphide bond was relatively close to the binding sites of substrates APS and AMP-PNP, indicating that the disulphide bond formation should affect the enzyme activity. The At-APSK with reduced cysteines had 17-fold more efficient enzyme activity and 15-fold higher K i value for APS than the oxidized form, indicating that the reversible disulphide bond formation functioned as a redox switch.
The redox-dependent modulation of APSK allows plants to control flux between the primary and secondary branches of sulphur assimilation. In the primary branch, APS is converted to sulphite by APSR, leading to generation of cysteine and glutathione. When the secondary pathway is activated, APSK is in function and converts APS to 3 0 -phospho-APS (PAPS) and eventually glucosinolates, hormones and phytosulphokines (84) . Under oxidative stress conditions, there is an increasing demand for sulphur reduction to support glutathione synthesis. Then, the disulphide bond formation of APSK would increase, which results in inhibition of the secondary sulphur assimilation path and the synthesis of PAPS. The APSR, which promotes the primary metabolic pathway for the synthesis of cysteine and glutathione, is also known to be redox dependent (91) . The disulphide bond formation activates APSR activity. Thus, oxidative stress in Arabidopsis and other plants controls the sulphur assimilation pathways by promoting and inhibiting two key enzymes in the primary and secondary metabolic pathways, respectively.
Perspectives
Numerous proteins are now known to be regulated by reversible disulphide bond formation. Recent examples indicate that there are different modes of the disulphide bond-mediated redox switches (Fig. 5) . Although the detailed structural analysis has been limited to several examples, the common features of the disulphide bond-mediated redox switch proteins can be recognized from available examples. First, the reversible disulphide bond formation triggers the structural and functional switch. The extent of structural switch is dependent on how far the two redox active cysteines were originally located before the disulphide bond formation. OxyR's redox active cysteine sulphur atoms were 17 Å away to each other and their disulphide bond formation significantly refolded one face of OxyR. Flexibility of the cysteine-containing loop contributes to the disulphide bond formation between the distant cysteines. In the case of INAD, the inter-sulphur atom distance in the reduced form was greater than the disulphide bond length in the oxidized form. Both in OxyR and INAD, the disulphide bond-mediated structural switch in the local area affected allosteric interactions in domain interfaces, leading to the proteins' functional modulation.
Second, the disulphide bond formation changes protein structure stability, which can exert a driving force for the structural switch and the redox potential modulation. In OxyR case, the folding stability measurement revealed that there was a local conformational strain in the oxidized form that could drive the transition from the oxidized to reduced form. The disulphide bond formation seemed to stabilize the INAD PDZ5 domain considering that the PDZ5 domain is readily oxidized and have a low redox potential. The reduced-form structure was locked by domain interaction between PDZ4 and PDZ5, indicating that the domain interaction provided the necessary stability to maintain the reduced-form structure. In angiotensinogen also, the thermal stability was different between the oxidized and reduced forms.
Third, the timescales of the structural transition are milliseconds. The stopped-flow experiments revealed that the conformation switch rate in OxyR was $9.7 s À1 (transition time: 103 ms). Although the rate was not measured in other cases, the time needed to respond to light in the INAD complex was 2030 ms, indicating that the conformation switch in INAD occurred in the millisecond range. The millisecond timescale was previously observed in an allosteric structural transition of eukaryotic chaperonin CCT (30) . The transition time was a little longer in OxyR because the OxyR transition appeared to proceed in two steps (25) .
There are other proteins that could not be covered in this review. Those include succinic semialdehyde dehydrogenase (SSADH) (92) and trans-activating response DNA-binding protein of 43 kDa (TDP-43) (9) and others. They have similar redox switch mechanisms described in this review. As structures of more disulphide bond-mediated proteins are resolved, one could see a confirmation of general features as well as novel mechanisms. With the current and future novel discoveries, it is certain that the importance of the disulphide bond-mediated control of protein functions will increase in both normal and diseased physiological conditions, which has implications for the development of new therapeutic approaches. For example, the antioxidant treatment for patients with pre-eclampsia may decrease the angiotensin release rate and hypertension.
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